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The UV/VlS irradiation of [Mn(q5-C,H5) (CO),] in low-temperature matrices containing 25% 0, led to the 
formation of a product A which, alongside absorptions assigned to a co-ordinated cyclopentadienyl ring, 
shows features in the IR spectrum at 938.0 and 893.0 cm-l. On the basis of experiments involving isotopic 
substitution with l80 these bands are assigned respectively to vasy, and v,,(O-Mn-0) vibrations of 
an MnO, unit. Species A is thus identified as the hitherto unknown organometallic oxide [Mn(q-C,H,)O,] 
where the manganese atom is formally in the unusual +v oxidation state. The 1sO-180 isotopic shift of 
vasym( MnO,) of A gives an upper limit of 120 k 8" for its 0-Mn-0  bond angle (0). The intensity ratio of 
the bands arising from vSym and vaSym( MnO,) suggests a value of 11 0 k 5" for the same angle. 

Organometallic oxides of rhenium, e.g. ReMeO,' and 
[Re(C,Me,)03],2 are well characterized compounds which 
have been implicated as useful catalysts for a range of important 
chemical processes including olefin oxidation, metathesis and 
polymerization. 3-6 Not surprisingly, analogous organometallic 
oxides of manganese are unknown since manganese in high 
oxidation states is a potent oxidizer of organic groups. One aim 
of our current research is to use matrix isolation to stabilize 
organometallic oxides, including those of manganese, which are 
unstable under normal conditions. We anticipated that a 
convenient route to such oxides would be via photooxidation of 
metal carbonyl derivatives: such a process is well established as 
a means of generating molecular matrix-isolated metal oxides 
from binary metal carbonyls 7-9 and has recently been used to 
form the oxochlorides MnO,Cl-. CO (n = 2 or 3) and 
Re0,Cl from [MnCl(CO),] and [ReCl(CO),] respectively. lo 

In this paper we report results which show that the manganese 
carbonyl derivative [Mn(q s-C,H,)(CO)3] is oxidized under 
these conditions to yield the oxide [Mn(q-C,H,)O,], where the 
manganese atom is in the unusual oxidation state of + v. 

Experimental 
The matrix-isolation apparatus used at Reading has been 
described in detail el~ewhere.~ The sample of [Mn(q5- 
C,H,)(CO),] (Ethyl Chemical Co.) was recrystallized from 
hexane prior to use and held at 0 "C for deposition with 0,-Ar 
mixtures by slow spray on. The matrix support was a CsI 
window cooled to cu. 20 K using an Air Products Displex 
closed-cycle refrigerator. The IR spectra were recorded using 
a Perkin Elmer model 983 spectrometer which gave a typical 
resolution and accuracy not exceeding 0.5 cm-'. The matrix 
gases Ar (stated purity 99.998%) and 1602 (stated purity 
>99.6%) were used as supplied by Aldrich. Samples of I8O2 
(isotopic purity 98%) and of 'scrambled' 1602, l60l8O and 
1802 (containing 55 atom % of the isotope l80) were used as 
supplied by Merck, Sharp and Dohme. A 150 W high-pressure 
xenon lamp (Applied Photophysics) was used as the photolysis 
source. 

Results and Discussion 
Following deposition of the sample, bands arising from the a, 
and e v(C0) modes of matrix-isolated [Mn(q5-C5Hs)(CO),] 
can clearly be seen at 2031.5 and 1949.0 cm-' respectively." 

Weaker bands are also seen in the region 600-1 500 cm-' which 
may be assigned to G(Mn-C-0) modes (670.0 and 642.0 cm-') 
or to motions of the cyclopentadienyl ring (1425.0, 1116.0, 
1015.0/1010.0, 846.0 and 831.5 cmP1).l2 Upon photolysis all of 
these bands decline in intensity; after cu. 5 h of photolysis the IR 
spectra show that the starting compound has disappeared and 
that there are no other metal carbonyl species present within 
the matrix. At the same time bands due to matrix-isolated free 
CO l 3  and C0214 appear and grow. Further bands develop at 
positions as listed in Table 1. All of these features grow at a 
constant rate (Fig. 1) and thus may be assigned to a single 
species A. The relative intensities of these features was 
unaffected by altering the composition of the matrix or by 
changing the photolysis wavelength even though the overall 
rate of reaction was changed by such procedures. Those bands 
designated by the symbol * in Table 1 and in Fig. 1 are in the 
correct region of the spectrum to arise from a co-ordinated 
cyclopentadienyl group. 

Unfortunately 'free' cyclopentadienyl, C5H5, has only been 
detected in low-temperature matrices by means of its ESR 
spectrum." Thus it is not possible to be completely certain, 
on the basis of our IR spectra, that there is no 'free' cyclo- 
pentadienyl present within the matrix at this stage of photolysis. 
Although the matrix photooxidation of cyclopentadienyl has 
not been studied it is known that the carbene C5H, is readily 
oxidized photochemically in low-temperature matrices l6 and 
also that cyclopentadiene is itself easily oxidized in solution. l7  

The products of these reactions include molecules containing 
0-H, C==O and C-0-C groups. There is no sign of any such 
product in any of our experiments described in this paper,18 
and it seems unlikely that cyclopentadienyl would be inert to 

Table 1 
marked * arise from vibrations of the cyclopentadienyl ring 

Observed IR bands assigned to [Mn(q5-C,H,)O,] A; those 

Q/cm-' Approximate description 
1421.0 v(C-C)* 
1020.0 v(C-C)* 

938.0 vaSym(MnO2) 
893.0 v,,,(MnO,) 

1006.0 6(C-H)* 

820.5 7t(C-H) * 
793.5 7t(C-H)* 
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Table 2 Behaviour of bands assigned to v(Mn=O) vibrations of species A upon "0 substitution 

P' q( '60,)/cm-' C(' 601 'O)/cm-' C(' 'O,)/cm-' AV/cm-' R 
938.0 923.0 90 1 .O 37.0 0.9606 0.811 
893.0 870.0 858.5 34.5 0.9614 1.333 

a AV = ~ ( ' ~ 0 2 )  - ~ ( ' ' 0 2 ) .  R = ~ ( " 0 ~ ) / ~ ( ' " 0 ~ ) .  p = 2[v(l6O,) - V('~OO''O)]/[V('~O~,) - ~ ( " 0 2 ) ] .  

- 0.1 

9 -  
- 0  

I 

750 1050 
Wave n u m be r/cm-' 

Fig. 1 The region 750-1050 cm-' of the IR absorption spectrum of a 
matrix initially composed of [Mn(qS-C,Hs)(CO),], 0, and Ar in the 
approximate proportions 1 : 250 : 1000; (a)  after deposition at 20 K, (6) 
after 30 min of broad-band UV/VIS irradiation, (c) after 120 min of 
such irradiation, and ( d )  after 260 min of such irradiation. Bands 
marked + arise from vibrations of the cyclopentadienyl ring of the 
starting material, while those marked * arise from vibrations of the 
cyclopentadienyl ring of A 

oxidation under the conditions. These findings provide further 
circumstantial evidence that the cyclopentadienyl groups 
remain bound to the manganese centre during photolysis, so it 
would seem reasonable to propose that A contains a cyclo- 
pentadienyl group. It is, of course, not possible to tell from IR 
spectroscopy alone whether this group shows q5 or some other 
form of ligation.', The remaining bands of A at 938.0 and 893.0 
cm-I are in the correct region of the spectrum to arise from 
v(Mn=O)  vibration^.^,^^,' 

In order to confirm these assignments and to attempt an 
identification of A we carried out experiments using the isotope 
"0. When 160, is replaced by a mixture (55:45) of 160, and 
1802 and the experiment is repeated the bands at 938.0 and 
893.0 cm-' each give way to a pair of doublets [Fig. 2(b)]. The 
observation of a pair of doublets is only compatible with A 
containing a dioxomanganese unit where both 0 atoms have 
been derived from the same 0, molecule. A monoxomanganese 
species would give just one doublet [since it would necessarily 
show only one v(Mn-0) vibration]. The l60-l8O shifts for 
these bands (938.0, shift = 37.0; 893.0, shift = 34.5 cm-') are 
entirely compatible with an assignment of the bands to vasym 
and vs,,(MnO,) respec t i~e ly .~"~  They are too small to allow 
an assignment of either band to v(0-0) of a co-ordinated 0, 
unit (expected shifts: 938.0, shift = 54.0; 893.0, shift = 52.0 
cm-') or to v(Mn=O) of an MnO (monoxo) unit (expected 
shifts: 938.0, shift = 41 .O; 893.0, shift = 39.0 cm-'). 

We then repeated the experiment using a 'scrambled' mixture 
of 1602, l 60 l8O and 1 8 0 2 .  It can be seen [Fig. 2(c)] that the 
pair of doublets seen above have each given way to a pair of 
unsymmetrical triplets (see Table 2 for wavenumber values). 

950 800 
Wave n u m be r/cm-' 

Fig. 2 The region 80&950 cm-' of the IR absorption spectrum of 0,- 
doped argon matrices initially containing ca. 0.1% [Mn(qS-C,H,)- 
(CO),] after 260 min of broad-band UV/VIS irradiation. Matrix com- 
p~s i t ion:(a) '~O,:Ar =25:100;(b)1602:180, :Ar = 13.75:11.25:100; 
(c) 1 6 0 2 :  160180: "0,:Ar = 7.5: 12.5:5.0: 100. Bands marked * arise 
from vibrations of the cyclopentadienyl ring of species A. The 
absorbance scale of spectra (b) and (c) has been expanded by a factor of 
four when compared with that of (a) 

The asymmetry parameters7 for these triplets (0.81 1 and 1.33 
respectively) are entirely in order for vasym and vSym(MnO2) 
vibrations where vasym > vsym and where the two fundamentals 
are separated by only 48 cm-' and thus couple quite strongly for 
the mixed 601 8O isotopomers. As expected the bands assigned 
to modes of the co-ordinated cyclopentadienyl ring do not shift 
upon l80 substitution. The behaviour of the observed bands 
upon l80 substitution is listed in Table 2. 

These spectra are incompatible with a molecule containing an 
MnO, unit. In this case both experiments with a mixture of 
1 6 0 2  and 1 8 0 2  and with 'scrambled' 1 6 0 2 ,  l60l8O and 1802  

would be expected to give rise to a pair of quartets of bands 7 c , 8 b  

arising from the various isotopomers of the MnO, unit when 
substituted by l80. 

We have thus obtained a body of spectroscopic evidence 
which shows that species A contains a co-ordinated cyclo- 
pentadienyl ring and an MnO, unit, i.e. Mn(q-C5H5)02. It is 
possible to estimate the 0-Mn-0 bond angle of A (0) by: ( i )  
measurement of the relative intensity of the bands arising from 
vasym and v,,,(MnO,) 7,19 and ( i i )  by measuring the l60-l8O 
isotopic shift of vasym(Mn02).7~20321 The former method gives a 
value of 0 = 110 k 5" for the measured intensity ratio of 
vasym : vsym = 2.4 : 1 .  The latter method gives an upper limit for 0 
of 120 k 8". Thus the two values are consistent and suggest an 
O-Mn-0 bond angle in the range 110-120". 
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